The overall goal of this basic research has been to develop novel, boron carbide-based polymers with novel chemical and electronic structures to enhance sensitivity to neutron detection. This will be accomplished by the following:
1) Developing Novel Boron-Carbide Materials consisting of carborane precursors connected by systematically varied linking units (e.g., benzene, pyridine, diaminobenze), thus systematically altering such electronic structure properties as band gap and electron-hole separation lifetime.
2) Determining how the electronic properties of these materials impact sensitivity to thermal neutron detection, especially at low or zero detector bias, while maintaining gamma blindness.
3) Determining and controlling metal/boron carbide interactions to minimize Schottky barrier formation and metal diffusion into the boron carbide. These are essential issues to the implementation of boron carbide-based films in practical detector structures. 
I) Major Activities:
1. Film deposition and spectroscopic characterization of chemical and electronic structure This activity focused on deposition of films by two methods: (a) co-condensation of orthocarborane and aromatic precursors in UHV followed by electron bombardment to induce cross-linking, and (b) plasma-enhanced chemical vapor deposition (PECVD) of films using ortho-carborane or meta-carborane (ortho or meta B10C2H12) precursors and benzene, diaminobenzene, or pyridine. Spectroscopic characterization has involved ultraviolet photoemission spectroscopy (UPS) for understanding valence band density of states, and x-ray excited photoemission (XPS) in concert with FTIR for understanding chemical structure, and how carborane and aromatic species are bonded to each other. The deposition of thin films (< ~ 200 Å) by e-beam bombardment has been useful for investigating chemical bonding interactions and effects on electronic structure and electron-hole separation. The ability to deposit films of consistent composition at thicknesses >> 1000 Å-requiring PECVD--is critical to the formation of films of sufficient thickness for effective neutron detection. The goal of consistent composition was recently addressed with the addition of mass-flow controllers for the PECVD chamber, to replace manually-controlled leak valves.
2. Electronic Structure Calculations (collaboration with Prof. Jincheng Du, UNT Dept. of Mat. Sci.): Spectroscopic characterizations were analyzed with the help of density functional theory (DFT)-based theoretical calculations carried out in collaboration with Prof. Jincheng Du and students within the Dept. of Materials Science and Engineering at UNT. These results were used to gain greater insight into the experimental results regarding chemical bonding interactions and valence band electronic structure.
3. Diode Detector Formation and testing: Diode structures were assembled from PECVD of ortho-carborane/aromatic films (p-type) on n-type Si substrates. Ti/Au electrodes were then deposited, and I-V behavior determined in the forward and backward bias directions to test for leakage current (reverse bias) and potential Schottky barrier formation (forward bias).
4. Neutron voltaic measurements: thermal and non-thermal neutrons: Neutron voltaic measurements, initiated during the previous reporting period, have been continued and extended. This effort relates film electronic structure (band gap, electron-hole separation) to charge sweep out efficiencies by measuring sensitivity to neutrons from a D-T neutron source (Thermo Scientific MP 320 neutron generator), with added value obtained by using a Cd filter to test for gamma blindness. Studies have focused on ortho-carborane/aromatic composite films, with a particular focus on pyridine-containing films and the role of N in the detection of nonthermal neutrons.
II) Specific Objectives

Film deposition and spectroscopic characterization of chemical and electronic structure
The specific objectives were to deposit thin films by electron beam-induced cross linking in order to study chemical and electronic structure, and to deposit, by PECVD, carborane and carborane/aromatic-derived films of sufficient thickness (>>1000 Å) to make diode structures for neutron detection, and to focus on bonding interactions for carborane-derived films containing pyridine. Possible differences in electron beam-induced cross linking and PECVD films arise from the fact that pyridine readily polymerizes under PECVD conditions, and larger relative concentrations of pyridine compared to the boron carbide icosahedra can be obtained under these conditions. Core level photoemission yields insights into pyridine/boron carbide relative composition and chemical bonding, while valence band spectra provided information regarding valence band structure. Additionally, spectra acquisition with every ~ 1000 Å or so added film thickness (to total film thickness up to ~ 7000 Å) provided confirmatory information on the consistency of film compositions with depth.
2. Electronic Structure Calculations (collaboration with Prof. Jincheng Du, UNT Dept. of Mat. Sci.) The specific objective here was to compare experimental core level binding energies with binding energies calculated by various methods for specific bonding configurations. This provided substantial insight concerning chemical bonding in films containing aromatic species. This exercise involved several different basis sets in order to determine which basis set gave the best results in terms of agreement. Additionally, limited DFT calculations were carried out for valence band structures of boron carbide and aromatic/boron carbide films. This allows us to assign specific features of the valence band spectra in terms of C or B related carboranederived states, as opposed to aromatic-derived states.
3. Diode detector formation I-V curves were acquired to determine the possible existence of Schottky barriers, as well as to examine the effects of possible defect states on leakage currents-both important factors governing detector sensitivity, especially at low biases. Additionally, such measurements reveal whether metal diffusion into the boron carbide can occur under conditions of voltage bias.
4. Neutron Voltaic Measurements. The goal here was to determine (a) if pyridine or other aromatic additions would enhance charge collection resulting from thermal neutron interactions, while (b) still being blind to gamma radiation and with the hope (c) the incorporation of N into the films permitted detection of non-thermal neutrons, because of the small but persistent neutron cross-section of nitrogen to higher neutron energies. The types of structures developed by electron beam induced cross linking are shown schematically in Fig. 1a , b. Such boron carbide films containing either B-B bonding or interstitial C (Fig. 1a) [1] . The dominance of B-B bonding rather than direct bonding to carborane C sites (Fig. 1a) is consistent with gas phase studies showing that near-threshold ionization of B10C2H12 icosahedra induces B-H bond scission and H2 elimination at B sites directly opposite C sites in the icosahedron [2] . Electron beam-induced cross linking of orthocarboranes with benzene or 1,4-diaminobenzene or pyridine species yields structures of the type shown schematically in Fig. 1b , with carborane/aromatic ratios ~ 1:1 [3] [4] [5] .
III) Significant Results
Film deposition and spectroscopic characterization of chemical and electronic structure
UPS spectra of electron beaminduced cross linking created films with different aromatic units are shown in Fig. 2 . In all cases (benzene (BNZ); 1, 4-diaminobenzene (DAB); and pyridine (PY)) the boron carbide/aromatic ratio is ~ 1:1. The data in Fig. 2 indicate that the states near the valence band maximum (VBM) are associated with the aromatic moiety and that the states deeper within the valence band are associated with the carborane moiety [5] . The data in Fig. 2 therefore strongly suggest that the states near the conduction band minimum (CBM) should be associated with carborane moiety, leading the situation shown schematically in Fig. 3 [5] . Promotion of an electron across the band gap should result in a hole localized on the aromatic moiety and an electron on the carborane moiety (Fig. 3a,b) . This would result in greater electron-hole (e-h) separation, and therefore enhanced signal in neutron voltaic experiments for aromatic films relative to pure carborane-derived boron carbide (B10C2Hx) (Fig. 3c,d) .
Experimental evidence that enhanced e-h separation does occur in boron carbide: aromatic (BC:aromatic) films is shown in Fig. 4 . B10C2Hx (BC) and BC:DAB films were deposited by ebeam crosslinking on Co patterned substrates for subsequent magnetoresistance measurements [6] I-V magnetoresistance (MR) curves for the BC:DAB film exhibit a plateau at low bias voltage values (Fig. 4a) . This plateau region is not observed for pure BC films (Fig. 4b) . The data indicate that the BC:DAB film exhibits a potential barrier to e-h transport under applied field consistent with formation of an e-h dipole (Fig. 4c) . The data in Fig. 4 thus indicate that BC:DAB films do exhibit the enhanced e-h physical separation predicted (Fig. 3) by the trends in valence band electronic structure (Fig. 2) . BC:aromatic films of sufficient thickness should therefore exhibit enhanced sensitivity to thermal neutrons in neutron voltaic measurements.
In order to obtain films sufficiently thick for neutron voltaic studies (~ 5000 Å or more), PECVD is required. PECVD BC films exhibit many structural similarities to films created by electron beam-induced crosslinking, except with a greater concentration of C and B in exicosahedral enviroments (as in Fig. 1a) , and with a VBM ~ 1.5 eV closer to the Fermi level than corresponding than films formed by electron beam induced crosslinking, probably due to a greater concentration of defects [7] . Importantly, we have obtained PECVD BC:PY films with pyridine>carborane ratios well in excess of 1:1 [8] . Valence band UPS studies show that increasing pyridine:carborane ratio yields a decrease in VBM binding energy relative to the Fermi level, as shown in Fig. 5 .
The data in Fig. 5 are consistent with a ptype semiconducting nature for these films [8] , and indicate that increasing pyridine content should yield a smaller band gap.
Some caution should be exercised with regard to the above results in that the thicknesses of PECVD films deposited for neutron detection purposes (generally > 1000 Å) greatly exceed valence band or core level photoemission sampling depths (typically ~ 10 Å -100 Å). This problem was generally addressed by acquiring spectra at various points in the deposition process. Variations in elemental composition with thickness sometimes occurred during deposition, but the addition of automated mass flow controllers, recently installed is expected to yield films of highly uniform composition.
The interactions of PECVD films with transition metals have also been examined, both by I-V measurements with capacitive detector structures [8] (vide infra), and by photoemission [7] . Core level XPS studies of Cu thin films or nanoclusters on PECVD Cu films were used to measure both the total Cu 2p 3/2 and Cu 3p photoemission intensities as a function of annealing for a PECVD BC film. Tthe rate of attenuation of a photoemission signal by an overlayer film increases with decreasing core level kinetic energy [9] . The attenuation of intensity of the photoemission signal (I) scales as:
In (1) d is the thickness of the (in this case) Cu overlayer, and λ is the inelastic mean free path for a core level photoelectron of specific kinetic energy going through an overlayer of specific electron density [9] . Since calculated λ values for the Cu 2p3/2 and Cu 3p photoelectrons through boron carbide are 10.1 Å and 20.1 Å, respectively [7, 10] , significant diffusion of Cu atoms or particles into the ~ 1000 Å thick PECVD BC film should result in a significant increase in the Cu 3p/Cu 2p3/2 intensity ratio, as well as a decrease in the Cu 2p3/2/B 1s intensity ratio. In contrast, simple agglomeration of Cu on the film surface, without diffusion, would yield a decrease in the Cu 2p3/2/B 1s ratio without significant change in the Cu 3p/Cu 2p3/2 ratio. As shown in Fig. 6 , annealing a PECVD BC film with a thin Cu overlayer in UHV results in negligible change in the Cu 3p/Cu 2p3/2 ratio for temperatures below ~ 1000 K. This indicates that Cu/PECVD BC/Cu layers should not exhibit thermallyinduced diffusion of Cu at temperatures < ~ 1000 K [7] .
Electronic Structure
Calculations (collaborations with Prof. Jincheng Du, UNT Dept. of Mat. Sci., Prof. WaiNing Mei, UNL) Ab initio Density Functional Theory (DFT) calculations were carried out to determine lowest energy structures for BC:aromatic films, with an assumed BC:aromatic ratio of ~ 1:1 (as in Fig. 1b) . Calculations for were carried out for test structures of BC:BNZ (Fig. 7a,b) and BC:DAB (Fig. 7c,d ) polymers, assuming either a single bond between each carborane and aromatic unit (Fig. 7a,c) or a double-bonded structure (Fig. 7b,d ) [11] . These calculations found the single-bonded structures to be energetically favorable, in full agreement with experiment [4, 5, 7] . Valence densities of states calculated for the structures in Fig. 1a,b ) also yield results in close agreement with experimental results [3, 5] .
A further tool for theoretical analysis is to compare calculated core level binding energies with those of experiments. Shifts in core level binding energies for an atom A (ΔE(A)) relative to some elemental standard are roughly proportional to changes in the corresponding ground valence charge population of A (q(A)) according to [12] :
where k is a proportionality constant and the second term sums up point charge interactions with neighboring atoms. In covalent solids such as boron carbide, the second term is generally constant, and the shifts in experimental B 1s binding energies should be linearly proportional to calculated ground state charge densities obtained from a population analysis. Previous work [4] indicated that varying results for calculated binding energies could be obtained, depending on the method of population analysis and the basis set used in the calculations.
The current work determined that the optimum basis set used depended on the method of population analysis-Mulliken, Hirshfeld, atoms-in-molecules, or Natural Bond Order [11] . In particular, best results for a Mulliken charge population analysis were found to require the use of a minimal basis set-essentially, atomic orbitals, in agreement with previous results [4] . The excellent linear correlation obtained between experimental B 1s binding energies and energies calculated using the minimal basis set/Mulliken population analysis is shown in Fig. 8 . The data demonstrate that this method can be used to analyze experimental data from emerging boron carbide polymers based on carboranes and other aromatic or non-aromatic species, including high concentrations of pyridine.
3. Diode detector formation In order to compare film electronic characteristics and sensitivities to thermal and non-thermal neutrons, diode detector structures were fabricated as shown schematically in Fig. 9 Diodes were fabricated for the following test structures [8] . The I(V) curves for the three diode test structures formed from the above films (a, b and c) are shown in Fig. 10 . These heterojunction diodes fabricated from these films show no evidence of Schottky barrier formation or of significant leakage current in reverse bias [8] .
These data indicate that films with orthocarborane/pyridine ratios << 1 yield diodes with negligible reverse-bias leakage current and retain excellent rectification, suitable candidates for neutron detection studies. 
Neutron voltaic measurements
The diode structures were used for neutron voltaic studies at zero detector bias, using a d-T neutron source (Thermo Scientific MP 320 Neutron Generator). Results recorded at zero diode bias are shown in Figure 11 for the pure orthocarborane film (Fig. 11a) and the orthocarborane/pyridine 1:10 film (Fig. 11b) both with () and without (+++++) a Cd foil cover. The data in Fig. 11 demonstrate three important conclusions:
(i) The films are "gamma blind" as count rates in the presence of a Cd shield are substantially lower at all channel numbers than in the absence of such shielding and the cadmium foil bocks neutrons while neutron capture in Cd generates X-ray and gamma radiation .
(ii) Higher count rates are obtained for the orthocarborane: pyridine film (Fig. 11b) , even though this film has comparable or even less (56%) B content than the pure orthocarborane film (Fig. 8a) . This indicates that even at zero bias, pyridinedoped films display excellent electron-hole separation, and possibly substantially higher charge mobility, than pure orthocarborane films. This finding is consistent with the proposed multidentate pyridine/carborane structure (Fig. 1c) , as such multidentate polypyridine ligands are known to lead to enhanced luminescence and electron-hole lifetimes [13] .
(iii) Potential for Enhanced detection of non-thermal neutrons
In Fig. 11 channel number increases roughly with increasing neutron energy, though this has yet to be precisely calibrated. However, the data show that the pyridine-containing film (Fig.  11b) exhibits significantly higher count rates at higher channel numbers (without Cd shielding) than the pure carborane film (Fig.11a) . This is may be attributable to the significant N content in the pyridine-containing film. N has significant cross sections for the resonant absorption of neutrons at energies > 1 MeV [13] [14] [15] : 
Conclusions:
The data provided here show that pyridine, and possibly other N-containing aromatic species, can form films in which the aromatic moiety is not a linking unit, but more properly a semiconducting matrix for boron carbide (Fig. 1c) . Such films are p-type, and yield diode test structures on n-type Si with excellent I(V) characteristics indicating no Schottky barrier formation with Ti/Au electrodes, and negligible reverse-bias leakage current, indicating no metal diffusion or defect-induced leakage, consistent with photoemission studies. The polydentate nature of the high pyridine-content film yields enhanced electron-hole separation, and enhanced, gammablind sensitivity to both thermal and non-thermal neutrons. These conclusions are illustrated schematically in Fig. 12 . Results have been disseminated in the form of both published scientific papers and presentations at scholarly meetings. In addition, a number of patents have originated from this work. 
What opportunities for training and professional development has the project provided?
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